3 Solar-driven water splitting, which cleanly converts solar energy to chemical energy in the form of hydrogen, holds the promise of meeting the world's clean energy demands. 1 There are three approaches to use solar energy for the production of fuels from water: photovoltaic-electric (PV-E), photoelectrochemical (PEC), and photocatalytic water splitting, 2 although many semiconductors alone can in principle perform PEC or photocatalytic water splitting. 3 It is well understood now that semiconductors should be integrated with hydrogen and oxygen evolution catalysts to achieve stable and efficient solar water splitting. 4 As such, the development of highly active catalysts to pair with semiconductors is essential to achieving efficient solar water splitting. Recent years have witnessed great progress in the development of water-splitting electrocatalysts composed of earth-abundant elements, [5] [6] [7] [8] [9] predominantly for the oxygen evolution reaction (OER) as it is more kinetically demanding than the hydrogen evolution reaction (HER). 10, 11 Transition metal phosphides (TMPs) have gained eminence as the next-generation water splitting catalysts with high activity demonstrated for both HER and OER. [12] [13] [14] [15] Binary phosphides such as Ni2P, 16 FeP, [17] [18] [19] CoP, [20] [21] [22] WP and MoP, 23 and recently ternary bimetallic phosphides such as CoMnP, 24 (Co0.52Fe0.48)2P, 25 MoWP, 23 and NiCoP 26, 27 have shown higher activities than transition metal chalcogenides and double-metal hydroxides with ternary TMPs exhibiting lower overpotentials than binary TMPs. To date, there has been no report of the integration of TMPs with a semiconductor light absorber for PEC-OER. Previous reports are mainly focused on the integration of metal oxide/hydroxide OER catalysts with a semiconductor photoanode, 28 such as CoPi sensitized WO3 and BiVO4, 29, 30 CoPi and hydroxide decorated hematite, 31, 32 and nickel oxide modified silicon; 33 however, the respective performances of these materials are unsatisfactory because of their relatively low OER catalytic activity and because 4 the poor electrical conductivities of metal oxides/hydroxides limits the charge transfer between the semiconductor and OER catalysts, resulting in the high interfacial recombination of photocarriers.
The interfacial kinetics and underlying mechanism of such systems have been systematically investigated and useful models have been established for the understanding of interfacial charge separation and charge transfer, 34, 35 which should guide the design and construction of reasonable photoelectrodes for PEC. TMPs typically have a metallic nature and the introduction of TMPs to the surface of semiconductors should promote the interfacial charge transfer and charge transportation from the semiconductor to the active surface, which leads to high PEC performance. However, current synthetic methods are not suitable for pairing a TMP with a semiconductor.
Recent work in our laboratory has shown that designer organometallic precursors can be converted to specific metal phosphide materials by metal-organic chemical vapor deposition (MOCVD) under mild conditions, [36] [37] [38] a strategy that is ideally suited to grow specific TMPs directly on semiconductors without compromising the substrate. Moreover, because the stoichiometry is built into the precursor, the method can scale without the inhomogeneity of phases expected from existing approaches. Herein, we report a ternary TMP catalyst, FeMnP, synthesized via MOCVD from the single-source precursor FeMn(CO)8(µ-PH2). 39 FeMnP was deposited on a three-dimensional TiO2 nanorod array photoanode to form a TiO2/FeMnP core/shell nanostructure. As a result, dramatically enhanced PEC performance was achieved with the core/shell nanorod array photoanode. The high PEC performance is ascribed to the high OER catalytic activity, high conductivity of FeMnP, and the excellent interface with TiO2, providing rapid charge transfer and separation without creating non-radiative recombination centers. As a 5 result, the theoretical maximum photocurrent for TiO2 is achieved. 40 Furthermore, the method can be considered general; other precursors sourced from the vast catalog of known main group element-containing homo-and heterometallic carbonyl clusters will be used to deposit specific electrocatalysts onto semiconductors. 41 This works describes a method of device and material engineering for highly efficient solar water splitting.
RESULTS AND DISCUSSION
The TiO2 nanorod arrays on fluorine doped tin oxide (FTO) were grown by a hydrothermal method. 42 The TiO2/FeMnP core/shell nanorod array was then fabricated by the MOCVD method using single-source precursor FeMn(CO)8(µ-PH2) with a home-made apparatus ( Figure   S1 ). 36 The core/shell nanostructure was first confirmed by scanning electron microscopy (SEM)
in Sputtering assisted X-ray photoelectron spectroscopy (XPS) is an effective method to analyze the depth dependent element composition. We conducted sputtering assisted XPS analysis with our fresh TiO2/FeMnP core/shell sample (Figure 2) . At the surface, Fe and Mn were in the zerooxidation (2p3/2 = 706.7 eV) and 2 + oxidation state (2p3/2 = 641.4 eV), 43, 44 respectively. There is a small amount of zero-oxidation state of Mn at the surface, giving the weak peak at 638.7 eV. The P 2p core level spectrum showed two different oxidation states with one stronger peak at 129 eV corresponding to the phosphide component, and one weaker peak at 132.6 eV corresponding to the oxidized phosphorous component, which is common in metal phosphides. 18 A large shift in the Mn2p3/2 binding energy toward 638.7 eV indicated the Mn was mostly zero-valent after three minutes of sputtering. All of the Fe and P was zero-valent. Increasing the sputtering time to 6 min, the peak intensity at 638.7 eV increased, corresponding to an increase of metallic Mn. The atomic ratio of Fe:Mn:P was 1.4:1:1 with a slight increase of Fe suggesting preferential sputtering of the Mn and P. [45] [46] [47] [48] [49] [50] The results of sputtering assisted XPS analysis indicated the FeMnP shell is metallic. given that the CV profile in the 1 st cycle is identical with that of the 1000 th cycle at the high scan rate of 100 mV s -1 (Figure 3d ). Compared to other catalysts (Table S1 ), the OER performance of FeMnP is much better than manganese oxide-based OER catalysts, 51-53 nanostructured cobalt oxide/selenide OER catalysts, [54] [55] [56] and NiOx and CoPi. 57 The high OER performance of FeMnP is helped by the small charge transfer resistance ( Figure S5 ) and large electrocatalytically active surface area (ECSA) which is linearly related to the double-layer capacitance (Cdl). The Cdl of FeMnP/FTO is calculated to be 15.9 mF cm -2 , almost 192-fold higher than that of bare FTO (0.0829 mF cm -2 ) ( Figure S6 ). The Faradaic efficiency for the FeMnP/FTO electrode was 9 measured using an airtight electrochemical cell. Water electrolysis was performed at an overpotential of 300 mV in 1 M KOH using FeMnP/FTO and Pt as the working electrode and counter electrode, respectively. The experimentally produced O2 was analyzed using gas chromatography (GC) which was calibrated with pure O2 in advance. The experimentally produced amount of O2 amount was close to the theoretical amount of O2, giving the value for the Faradaic efficiency of 97% ( Figure S7 ). 42 Surprisingly, the TiO2/FeMnP core/shell nanostructure photoanode displayed a much higher current density of about 2.9 mA cm -2 at 1.23 V vs RHE, an almost 4-fold enhancement. By subtracting the dark current density, the photocurrent density was about 1.8 mA cm -2 , very close to the theoretical photocurrent density of rutile TiO2 under 100 mW cm -2 light irradiation. 40 The photocurrent density of the present TiO2/FeMnP core/shell photoanode is higher than those of all reported TiO2 based photoanodes in Table S2 . 59, 60 It is well accepted that metal phosphides can convert to metal hydroxides and oxyhydroxides, which are also highly active OER catalysts. 61 After several minutes of sputtering to remove the oxide layer, the existence of metallic FeMnP is confirmed with the peak at 706.9 eV in the Fe 2p3/2 spectra and the peak at 129.4 eV in the P 2p spectra, as well as the obvious negative shift from 642.9 eV to 641.9 eV of the Mn oxidization peak in its 2p3/2 spectra.
The presence of a metallic FeMnP interlayer promoted the charge transportation because of its high electrical conductivity and hence enhanced the charge separation, confirmed by the much smaller charge transfer resistance ( Figure S11) . As a result the carrier density was significantly increased for the TiO2/FeMnP core/shell nanorod array compared to the bare TiO2 nanorod array. Metal phosphides are known to convert to metal oxides and oxyhydroxides at their surfaces under aqueous conditions. In turn, these species are believed to be the active catalysts for the oxygen-evolution reaction. 61 From our XPS studies, it was determined that the surface after testing was primarily manganese (IV) oxo and hydroxo species with some iron (III) present coupled with a structural surface reorganization observed with SEM ( Figure S13 ). 63 thus, iron would appear to be the active species in the present study. In fact, the addition of iron to NiOOH was found to improve the OER current density by 500-fold. 64 However, the contribution of manganese to the catalysis is non-trivial. Li
et al. prepared Co2P and CoMnP nanoparticles for OER catalysts finding that substituting Mn for
Co lowered the overpotential for a current density of 10 mA cm -2 from 0.37 V to 0.33 V and decreased the Tafel slope from 128 mV dec -1 to 61 mV dec -1 . 24 Substitution of Mn for Fe in Fe3O4 was also found to greatly improve the material's electrocatalytic OER performance. 65 Moreover, MnO2 as an OER electrocatalyst was reported to "self-heal" during operation in acidic and alkaline conditions with no observed mass loss. 66 Thus, an exact determination of which metal is active is elusive, but synergy likely arises from the bimetallic nature of the surface layer with a further contribution to stability arising from the presence of the manganese. This conclusion is further supported by comparison with the electrochemical performance of Fe2P which requires an overpotential of 390 mV for 10 mA cm -2 for OER as reported by Read et al., a full 90 mV higher than that required by FeMnP for the same current density. 67 Furthermore, Li et al. found that MnP nanoparticles quickly fade in performance concomitant with oxidation. 24 Importantly, however, catalysis at the metal hydroxide/oxyhydroxide surface layer is fed by EC or PEC current supplied from the pristine, conductive FeMnP layer from which it seamlessly grew. It should be noted that the overpotentials exhibited in this work are much lower than even the lowest overpotentials of the metal layered-double hydroxides, likely due to the thinness of the oxidized layer through which the charge must traverse to perform the catalysis.
Although many new materials have been developed and identified as active electrocatalysts, it
remains challenging to couple them with suitable semiconductors for PEC or photocatalytic water splitting. This is particularly true for TMPs. The common routes for TMPs like the solvothermal method using Pred, P4, or Na3P and metal chloride, 68 or thermal phosphidation using either in situ generated PH3 or trioctylphosphine, 69 are too destructive for semiconductor substrates. These methods have limited phase control over the metal-phosphorus stoichiometries resulting in inhomogeneities. Moreover, existing methods cannot guarantee complete coverage of the metal phosphide over the semiconductor surface. The most similar technique in terms of substrate coverage is Atomic-Layer Deposition (ALD), but metal phosphide deposition has not been achieved to date by ALD, and such films would likely also suffer from poor phase control.
Past work in which Fe3P, (Fe1-xCox)3P, and Fe3(P1-xTex) thin films were grown on quartz substrates by MOCVD using organometallic precursors has established a simple route to growing TMP films at mild temperature. 36, 37 In the present work, we applied our method to grow a TMP film directly on a semiconductor surface 
MATERIALS AND METHODS

Chemicals and Materials.
Titanium butoxide (Sigma-Aldrich), Hydrochloric acid (37%, SigmaAldrich), Sodium hydroxide (Sigma-Aldrich), Potassium Hydroxide (Sigma-Aldrich). FTO glass (TEC 7, with resistivity of 6-8 Ω cm -2 ) was obtained from Hartford Glass Co. FeMn(CO)8(μ-PH2) was synthesized according to previous work.
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Synthesis of TiO2 nanorod array. TiO2 nanorod arrays on fluorine-doped tin oxide (FTO) were grown through a hydrothermal process. In a typical procedure, 0.25 mL of titanium butoxide was added to 7.5 mL of concentrated HCl (35%), followed by the addition of 7.5 mL deionized water.
The above solution was then transferred into an autoclave with a capacity of 50 mL. Two pieces of FTO substrate were placed into the autoclave at an angle with the conductive side facing down. Weight measurements were performed on a Mettler -Toledo AX105 scale, accurate to ±0.01mg.
FeMnP deposition amounts (mg cm -2 ) were determined by weighing the substrate before and after deposition. Ag|AgCl. The Faradaic efficiency was determined by comparing the amount of experimentally produced O2 during water electrolysis to the amount of theoretically calculated O2. Water electrolysis was performed in an airtight electrochemical cell in 1 M KOH at overpotential of 300 mV using FeMnP/FTO and Pt as the working and the counter electrode, respectively. Before reaction, the electrolyte was degassed with N2 and the produced O2 was analyzed by a gas chromatograph (GC) which was calibrated with highly pure O2 in advance.
Photoelectrochemical (PEC) measurements
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The preparation of the photoelectrodes was similar to that of FeMnP/FTO electrode in the EC measurements. A photoelectrochemical cell (PEC) with a three-electrode configuration was used.
In the PEC measurements, the Pt plate and Ag|AgCl were used as the counter electrode and reference electrode, respectively. PEC performance was measured in 0.5 M NaOH aqueous electrolyte which was bubbled with N2 for 30 min prior to measurement. All photoelectrodes were illuminated from the back side. 
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